. The anti-CEA IgGl monoclonal antibody A5B7 was radiolabelled with iodine-131 and administered intravenously to sheep. Peak uptake at 5 days in orthotopic human tumour transplants in gut was 0.027% Dl g-' (percentage of injected dose per gram) and 0.034% Dl g-1 in hepatic metastases with tumour to blood ratios of 2-2.5. Non-specific tumour uptake in melanoma was 0.003% Dl g-1. Uptake of radiolabelled monoclonal antibody in human tumours in our large animal model is comparable with that observed in patients and may be more realistic than nude mice xenografts for prediction of clinical efficacy of radioimmunotherapy.
The nude mouse human tumour xenograft model introduced in 1969 (Rygaard et al, 1969) has facilitated in vivo study of human cancer and assessment of tumour-targeted therapy under controlled experimental conditions. However, major limitations are imposed by allometric and other differences between man and mouse. There is a 3500-fold difference in weight (20 g vs 70 kg) and the proportion of mouse body weight constituted by a xenografted tumour is very high. For a given antibody injected intravenously, the initial blood concentration is approximately 3500-fold higher in a mouse than in a man (Wahl, 1994) . Tumour blood flow in humans is variable but approximately 0.2 ml of blood would pass through a 1 -g tumour per min, a flow rate at which it would take 17.4 days for the entire 5-1 blood volume to be presented to a tumour (Kallinowski et al, 1989) . For a 1-g human tumour xenografted in a mouse the complete circulation time is only 7.1 min which provides a much greater opportunity for exposure of tumour antigen to systemically administered tumourspecific monoclonal antibodies.
The small volume of distribution in mice profoundly affects the plasma half-life and the uptake of radiolabelled antibody in tumour measured as percentage of injected dose per gram (% DI g-').
Uptake of monoclonal antibodies in human tumour xenografts in nude mice is typically 5-40% DI g-' (Senekowitsch et al, 1989; Blumenthal et al, 1992; Siler et al, 1993) , which contrasts with much lower uptakes of 0.001-0.01% DI g-of the same radiolabelled antibody in tumours of the same type in patients (Dykes et al, 1987; Begent et al, 1990; Yu et al, 1996) . This uptake differential may also be due in part to the murine origin of most monoclonal antibodies developed for clinical use, for which the nude mouse is a syngeneic system. In contrast, effects of cross-reactive antigens to murine antibodies are observed in the clinical situation and immunogenicity may also lead to development of human antimouse antibodies (HAMA), which greatly perturbs tumour uptake. Additional factors that confound reliable clinical extrapolation of results from experimental radioimmunotherapy of human tumour xenografts in nude mice include the faster growth rate and higher susceptibility of tumour to radiation, coupled with the relative resistance of mice to radiotoxic effects in normal tissue (Knox, 1995) . Not only is bone marrow less radiosensitive in the mouse but because of its small volume it is also relatively spared by the virtual absence of self absorption of gamma rays and reduced exposure to high-energy beta emission of therapeutic radionuclides, such as iodine-131 and yttrium-90 (DeNardo et al, 1994) .
We have developed a large animal model of human cancer in immunosuppressed sheep in an attempt to circumvent the problems of the nude mouse model and avoid the subsequent disappointments of clinical trials of radioimmunotherapeutic agents that had been shown to effectively suppress human tumour xenografts in rodents (Yu et al, 1996) . This study describes the development of a robust and practical large animal model of human tumours xenografted in cyclosporinimmunosuppressed sheep. Preliminary results indicate that tumour uptake of anti-CEA monoclonal antibodies in human colon cancer xenografts in these sheep is comparable with that reported in clinical trials using the same radiolabelled antibody in patients with colon carcinoma (Ledermann et al, 1991) . These patients were also treated with cyclosporin, to suppress HAMA response.
In a large animal, in contrast to the mouse, orthotopic transplantation by inoculation of specific tumour cell lines in the organ of origin of the primary cancer and at sites of predilection for metastasis is relatively easy. Multiple xenografts are available for study in a single sheep with the additional capacity to carry control tumours not specific for the radiolabelled monoclonal antibody under evaluation. This model also allows serial biopsies of tumours to be taken for time-activity curve analysis in radiation dosimetry studies, which may be performed in sheep without sacrificing the animal. Sheep bearing human tumours may also be imaged on standard gamma camera systems to validate algorithms for calculation of radiation dosimetry using data obtained from quantitative single photon emission tomographic imaging in patients undergoing radioimmunotherapy.
MATERIAL AND METHODS Animals
Twelve-week-old Merino/dorset-cross sheep weighing approximately 25 kg (supplied by Murdoch University Animal Farm) were housed in standard pens each holding six to nine sheep at the University of Western Australia Animal Facility and allowed to acclimatize for 10 days. A jugular catheter was inserted under local anaesthesia and secured for chronic intravenous administration of cyclosporin over 3-7 weeks. Apart from surgical procedures, no specific sterile precautions were taken and no antibiotics administered. Food was standard pelleted sheep fodder, supplemented with lucerne hay. and was available with water ad libitum.
Immunosuppression was achieved by twice daily intravenous administration of 3 mg kg-' cyclosporin (kindly donated by Sandoz Pharma, Basle, Switzerland) via the in-dwelling catheter. Ketoconazole (Janssen-Cilag Beerse, Belgium) was prepared as an oral drench formulation (O'Donoghue et al, 1996) and 10 mg kg-' given twice daily. The sheep were weighed and blood samples collected every 2 days for cyclosporin assay (EMIT, Syva Company, Evergreen, CA, USA), and cyclosporin doses were adjusted to keep the blood trough levels within the range 1000-1500 ng ml-'. Ketoconazole doses were kept constant. Biochemical and haematological parameters were monitored before commencement of cyclosporin and weekly thereafter. When the CsA levels were stabilized at around 1000 ng ml-', human tumour cells were injected via different routes of inoculation, using halothane anaesthesia for intra-abdominal xenografting. All animal experimental protocols were approved by the University of Western Australia Animal Ethics Committee and conformed to the National Health and Medical Research Council guidelines.
Cell lines and culture
The cell lines used were of human origin. LS174T and HT29, adenocarcinoma of colon, SK-MEL-5, malignant melanoma and NIH:OVCAR-3 adenocarcinoma of ovary were all originally obtained from ATCC. The JAM cell line, a serous cystadenocarcinoma of ovary (Ward et al, 1987) 
Intra-abdominal injections
The following procedures were carried out aseptically under halothane general anaesthetic in the animal operating theatre. At laparatomy, the cells were injected with or without matrigel using a 1 -ml tuberculin syringe and a 21 G needle. Non-absorbing sutures were placed 2 cm from injection sites for subsequent location at laparoscopy or autopsy. The abdominal incision was closed in layers and the sheep monitored in the recovery room until postoperative recovery was complete.
Ovarian and peritoneal wall injections Three sheep received 2 x I07 NIH: OVCAR-3 cells + 0.1 ml of matrigel in one ovary and two peritoneal wall sites and 2 x 107 JAM cells + 0.1 ml of matrigel in the opposite ovary and two peritoneal wall sites. Before closure of the peritoneum NIH: OVCAR-3 cells were injected into the peritoneal cavity of one sheep. In additional sheep, JAM cells were inoculated into each ovary and at subcutaneous sites.
Colon, liver and peritoneal wall injection Eleven sheep received 107 LS174T cells in 0.1 ml of matrigel injected into four sites along the colon or stomach wall and two sites in the liver and peritoneal wall, as well as one injection each in the liver and peritoneal wall of 107 LS 174T cells without matrigel. In four other sheep, LS 174T cells in matrigel were inoculated at four sites in rectal submucosa, without laparotomy, by simply prolapsing the rectum with Allis forceps under halothane anaethesia.
Monitoring tumour growth
Skin tumours were measured weekly in two dimensions with callipers and the volume calculated using the formula (ab2)/2: a, representing the longest dimension and b, the shortest. Volumes are stated as mean ± s.d., with n = number of tumours measured. Tumours were excised from the skin at varying times and fixed in formalin for subsequent histological examination. At autopsy, 3-6 weeks after tumour cell inoculation appropriate organs and draining lymph nodes were removed, examined macroscopically and fixed in formalin for histology. Portions of unfixed draining lymph nodes were collected in tissue culture medium, minced with scissors and pushed through a cell dissociation sieve (Sigma USA). The resultant cell suspension was washed twice and seeded into cell culture flasks with RPMI 1640 plus 20% FCS for growth of adherent cells.
Histology and immunocytochemistry
Tissues for histopathological examination were fixed in neutralbuffered formalin and processed in the routine fashion through alcohol and xylene to paraffin. Sections were cut at 4 microns and stained with Harris haematoxylin and aqueous eosin (H and E stain).
Mucins in tissues were demonstrated using the periodic acidSchiff reaction (PAS). Mucins were oxidized by periodate to expose aldehydes, which were demonstrated with Schiffs reagent. Any glycogen in the tissue was removed by prior treatment with fresh malt diastase. The neutral mucin appeared as bright eosinophilic amorphous material. Carcinoembyronic antigen (CEA) was demonstrated using rabbit anti-human CEA (Dakopatts, Glostrup, Denmark) on formalin-fixed, paraffin-embedded tissue. Antigen demonstration was achieved by a peroxidase-conjugated streptavidin staining procedure. The primary antibody was first applied to the tissue sections, which were then further labelled with a biotinylated link antibody followed by a streptavidin peroxidase enzyme conjugate. The bound peroxidase enzyme was then visualized with a diaminobenzidine substrate.
Antibody: labelling, injection and biodistribution A5B7 anti-CEA IgGI monoclonal antibody kindly donated by Celltech, UK, was labelled with 1-131 using the Chloramine-T method (Pedley et al, 1987) . Labelling efficiency was 98% without loss of immunoreactivity.
For each sheep, 0.1 mg of A5B7 antibody was labelled with 15-MBq'3'I and 0.1 mg kg-' cold A5B7 antibody was added immediately before intravenous administration for tissue distribution studies. For tumour imaging, 185-MBq 3'I was used with the same proportion of A5B7 antibodies.
Sheep were euthanased using a lethal injection of sodium pentobarbitone at 1, 3, 5 or 7 days after administration of radiolabelled antibody. The human tumour xenografts were removed and weighed, and samples of blood, liver, spleen, kidney, thyroid, heart, lung, lymph node, bone marrow and bile samples were weighed and counted for 10 min in a gamma counter (Wallac 1480 Wizard, Wallac Oy, Turku, Finland). The % DI g-' was calculated for each sample taken.
Sheep, under halothane anaesthesia, were imaged at 3, 5 or 7 days after intravenous ['311]-ASB7-radiolabelled monoclonal anti-CEA antibody, using an Elscint Apex 409 gamma camera and high-energy collimator. After lethal injection of pentobarbitone, a flap of tumour-bearing skin was excised and pinned out on foam board and imaged for 20 min. Cobalt-57 markers were then placed on the tumours and scanned to mark the exact location of each tumour on the scintigraphic images.
RESULTS

Human LS174T and HT 29 adenocarcinoma of colon
Subcutaneous flank inoculation of LS 174T and HT 29 cells gave rise to tumours that grew steadily up to day 21 but then apparently stabilized at a mean tumour volume of 1805 ± 1184 mm3 (n = 20) for LS174T and 931 ± 991 mm3 (n = 20) for HT29.
Neither of the colonic adenocarcinomas metastasized to regional lymph nodes after subcutaneous inoculation, and serum CEA levels did not rise.
On histological examination the tumour deposits of LS 174T exhibited the features of a well-differentiated adenocarcinoma with prominent well-formed acinar formations throughout the tumour, lined by columnar cells with mild to moderate nuclear pleomorphism (Figure lA) . Atypical mitotic figures were present but not numerous. There was marked cytoplasmic positivity with luminal accentuation with the immunoperoxidase preparation for CEA (Figure I B) . The LS 1 74T tumour produced abundant neutral mucin, showing marked positivity with the PAS preparation post diastase (Figure lC) .
The less well-differentiated HT29 adenocarcinoma, in contrast to the LS174T tumour deposits, showed little tendency toward acinar formation, with moderate to marked nuclear pleomorphism, including tumour giant cells. British Journal of Cancer (1998) (Figure 1 D) displayed the characteristic histological features described above. Although some peritumoral fibrosis was present, no necrosis or tumour-infiltrating lymphocytes were seen. Metastatic LS 174T tumours measuring 2 mm in diameter in liver were centred on portal tracts, suggesting tumour seeding via the portal vein ( Figure 1E ). The tumours were evident macroscopically, for example in lower rectum ( Figure IF ).
Human SK-MEL melanoma
Tumours grew steadily at sites of subcutaneous inoculation and attained a mean volume of 3443 ± 2734 mm3 (n = 20) within 37 days of inoculation of 107 cells in five sheep. At this time, SK-MEL cells were recovered from the pre-stifle lymph node that drains the flank bearing the subcutaneous melanoma xenografts. Cells grown in culture from these regional lymph nodes then gave rise to SK-MEL tumours when subsequently reinoculated into other immunosuppressed sheep. The growth curve of reinoculated cells shifted slightly to the left, but the histological appearance remained consistent.
Tumour deposits of SK-MEL were present in diffuse sheets of large pleomorphic polygonal and cuboidal cells with abundant amphophilic cytoplasm, enlarged vesicular nuclei and prominent eosinophilic nucleoli. Atypical mitoses were easily identified. No significant necrosis was evident, and there was only a variable mild inflammatory host response with infrequent tumour-infiltrating lymphocytes (Figure 2A) . The tumour cells showed markedly positive staining with S100 protein.
Spontaneous metastasis to draining regional lymph nodes was observed ( Figure 2B ), and the metastatic nodal deposits showed similar architectural and cytological features to those of the primary tumour deposit (Figure 2A Inoculation of JAM cells in Matrigel directly into the ovary gave rise to tumours within 21 days in all animals.
Bilateral ovarian tumour deposits and extensive paratubal masses ( Figure 2C ) were typical at 1 month after direct ovarian inoculation of JAM cells. Histopathological examination confirmed paratubal lymphatic permeation ( Figure 2D ). There were predominantly diffuse sheet-like arrangements of pleomorphic malignant cells showing variable cytological features. Tumour giant cells were prominent with moderate to marked nuclear pleomorphism, and atypical mitoses were easily identified ( Figure 2E ). No definite papillary structures were present. Subperitoneal inoculation of JAM cells in Matrigel was also productive of tumours at all sites with similar histological appearance.
Administration of NIH:OVCAR-3 tumour cells directly into the peritoneal cavity resulted in bladder tumour deposits exhibiting a predominantly diffuse architecture with occasional slit-like spaces. The neoplastic cells exhibited variable cytological features with cuboidal and spindeloid cells admixed with markedly pleomorphic and occasionally multinucleated cells. Marked nuclear pleomorphism was evident and atypical mitoses easily identified. A mild chronic inflammatory host response was present, but there British Journal of Cancer (1998) 78(4) was no tumour necrosis and only small numbers of tumour-infiltrating lymphocytes were evident focally, confined to the periphery of the tumour deposits.
Imaging and uptake
Subcutaneous LS 174T and HT29 tumour xenografts could not be defined in vivo by gamma camera imaging because of relatively high blood background activity. However, ex vivo imaging of the tumour-bearing skin flap did demonstrate foci of tumour-specific uptake in LS 174T, and to a lesser extent in xenografts of HT29 (Figure 3) . There was no visible activity in the control SK MEL tumours. The mean uptake of ['311]A5B7 in LS174T colon cancer xenografts and normal tissues in the immunosuppressed sheep (Table 1) demonstrated highest tumour to blood ratios of 2-2.5 at 5 days post injection of antibody when mean uptakes of 0.034% DI g-' in liver metastases and 0.027% DI g-' in intestinal LS 174T xenografts were achieved. At each time point, uptake of
[1311]A5B7 was highest in LS174T xenografts, next highest in HT29 tumours, which was greater than normal liver activity and uptake was least in SK-MEL tumours.
DISCUSSION
The great expectations of radioimmunotherapy of cancer metastasis raised by encouraging results in human tumour xenografts treated in nude mice have yet to be realized in patients (Sgouros, 1995) .
Extrapolation from nude mouse xenograft tumour models to humans is primarily limited by the relatively small size and volume of distribution in mice that promotes uptake of systemically administered antibody in transplanted human tumour to levels unattainable in patients (Knox, 1995) . There are also significant differences between humans and mice in self-absorption of radiation, bone marrow radiosensitivity and repopulation kinetics, tumour cell cycle time and volume-doubling time and the presence of cross-reactive antigens (Wahl, 1994) . To avoid these problems, we have developed a large animal model of human tumours in immunosuppressed sheep. We have previously shown that cyclosporin effectively abrogates immunocompetence in sheep and that this immunosuppressive effect is enhanced by concomitant administration of ketoconazole (O'Donoghue et al, 1996) , just as is observed in man (Schroeder et al, 1987) . We have also shown that daily combined therapy comprising intravenous cyclosporin via in-dwelling jugular vein catheter and oral ketoconazole given in a drench formulation to bypass the rumen and facilitate abomasal absorption will effectively suppress the immune response for several weeks. Biochemical monitoring of these animals showed no evidence of nephrotoxicity or hepatotoxicity if trough blood levels of cyclosporin remained below 1500 ng ml, above which the sheep became anorexic and lost condition. The apparent tolerance of sheep to maintenance of cyclosporin at these relatively high blood levels contrasts with the renal transplant experience in humans, in whom trough levels of 500 ng ml-' immediately after kidney grafting have to be reduced to maintenance levels of typically 100-200 ng ml to avoid cyclosporininduced nephrotoxicity.
We have previously observed that our chronically immunosuppressed sheep tolerate full-thickness heterologous skin grafts without histological evidence of rejection, provided that trough blood cyclosporin levels are maintained above 750 ng ml'. At the optimum serum level of 1000 ng ml', the sheep remained healthy with no apparent increase in susceptibility to infection. They had no requirement for prophylatic antibiotics, sterile feed or aseptic environment. Sheep were penned together and aseptic conditions prevailed only during surgical procedures. Thus, the cyclosporinimmunosuppressed sheep offers a practical and relatively robust model that can be used to study human tumours in an animal of comparable size.
Adequacy of immunosuppression of the sheep was reflected in the minimal histological features of regression in all the human tumour transplants examined. Most tumour deposits showed a mild lymphocyte inflammatory host response without significant necrosis and no tumour-infiltrating lymphocytes. Some deposits were surrounded by a marked chronic inflammatory host response with or without a desmoplastic mesenchymal proliferation, and this tended to occur in exposed sites of inoculation, such as skin and gastrointestinal submucosal deposits, perhaps in response to an additional antigenic stimulation.
Subcutaneous inoculation of human tumour cells in the flanks of sheep may be performed easily at multiple sites without anaesthesia. Given optimum cyclosporin levels, virtually all inoculates of 107 cells of LS174T and HT29 human colon carcinoma and SKMEL human melanoma and JAM human ovarian carcinoma grew to a size of 1-2 cm over a period of 3 weeks. In general, the individual tumour cell morphology in our animals remained unchanged but some tumour deposits showed a variable degree of dedifferentiation. For instance, LS 174T deposits often exhibited focal areas of the classical well-differentiated large acinar formations merging with poorly differentiated areas, and some deposits were entirely poorly differentiated. The practical significance of these findings, particularly in reference to CEA expression, potential for aggressive tumour behaviour and tumour uptake of anti-CEA monoclonal antibody have yet to be determined in this animal model. Histological examination did, however, demonstrate maintenance of the comparative dedifferentiation of HT29 tumour cells in comparison with LS 174T, in which the well defined acinar structures were shown to produce more mucin and had greater CEA expression on immunoperoxidase staining. These differences were reflected in the relatively greater tumour uptake of anti-CEA monoclonal antibody in LS 174T than in HT29 human colon cancer xenografts. Weekly monitoring of serum CEA levels in sheep bearing colon cancer xenografts did not show any elevation, which accords with data from LS 174T xenografts in nude mice (Pedley et al, 1987) . The SKMEL tumours showed typical morphological characteristics of human melanoma and did not accumulate radiolabelled anti-CEA antibody.
Evidence of some loss of differentiation was observed in both colon and ovarian carcinomas. Dedifferentiation was focal in the LS 1 74T tumour deposits but was evident throughout the xenografts of JAM and NIH: OVCAR-3 ovarian serous adenocarcinoma, in which the expected papillary formations were not observed. It is possible that this relative tumour dedifferentiation may have been the result of multiple passaging of cell lines, but further study is required to exclude various host factors.
The melanoma was observed to metastasize from subcutaneous sites of inoculation, and SKMEL cells were subsequently recovered from the regional pre-stifle lymph node, grown in cell culture and reinoculated subcutaneously in sheep, giving rise to tumours morphologically indistinguishable from those of the primary inoculation. JAM ovarian carcinoma also metastasized to regional Orthotopic human tumour xenografts in sheep 493 lymph nodes draining both subcutaneous and ovarian sites of inoculation. The failure of tumours to metastasize from subcutaneous sites in nude mice models is well documented (Fidler, 1990; Kubota, 1994) , and Manzotti et al (1993) peak uptake of 0.018% DI g-' was observed at 27 h after administration of radiolabelled intact antibody (Lane et al, 1994 (Table I) is comparable with that reported in patients with colon carcinoma using '31l-anti-CEA-radiolabelled antibody (Begent et al, 1989) , although blood clearance was slower. Relatively high human tumour uptakes of radiolabelled antibodies are commonly achieved in nude mouse xenografts (Senekowitsch et al, 1989; Siler et al, 1993) , but the typical uptakes for the same antibody and tumour type in man are around 0.005% DI g-' (Dykes et al, 1987; Begent et al, 1990 
